We have developed an effective post-PCR sterilization process and have applied the procedure to a diagnostic assay for HIV-1. The method, which is based on isopsoralen photochemistry, satisfies both the inactivation and hybridization requirements of a practical sterilization process. The key feature of the technique is the use of isopsoralen compounds which form covalent photochemical adducts with DNA. These covalent adducts prevent subsequent extension of previously amplified sequences (amplicons) by Taq polymerase. Isopsoralens have minimal inhibitory effect on the PCR, are activated by long wavelength ultraviolet light, provide sufficient numbers of covalent adducts to impart effective sterilization, modify the amplified sequence such that it remains singlestranded, and have little effect on subsequent hybridization. The sterilization procedure can be applied to a closed system and is suitable for use with commonly used detection formats. The photochemical sterilization protocol we have devised is an effective and pragmatic method for eliminating the amplicon carryover problem associated with the PCR. While the work described here is limited to HIV-1, proper use of the technique will relieve the concern associated with carryover for a wide variety of amplicons, especially in the clinical setting.
INTRODUCTION
The advent of nucleic acid hybridization methodology has revolutionized both the detection of infectious disease pathogens and the identification of genetic variation associated with human disease. By providing sufficient target molecules for analysis by these methods, the polymerase chain reaction (PCR) has rapidly become a key component in the development of hybridization based clinical diagnostic tests (1) (2) (3) (4) (5) (6) . The PCR exponentially increases the number of target sequences available for detection and simultaneously reduces the complexity of the nucleic acid to be analyzed. The repetitive denaturing, annealing and polymerase extension procedures, repeated 25 or more times, greatly reduces the problem of extraneous signal for the detection step. Finally, unlike antibody based diagnostics, PCR provides direct detection of the nucleic acid for the genotype or its transcribed products.
While the advantages of the PCR are well accepted, this remarkable technique has not attained its rightful place as a routine diagnostic procedure in major clinical laboratories primarily because it is too sensitive. Without a complementary technique to control the billions of amplifiable target sequences ('amplicons') which are produced by the reaction, testing laboratories which repetitively amplify the same sequence consistently become contaminated with these same amplicons from the PCR. Uncontrolled release of these amplicons can lead to erroneous positive results with subsequent clinical specimens which are in fact negative (7) (8) (9) (10) . Although the contamination considered here is not due to a viable organism, its control demands procedures which rival, and in some respects surpass, the requirements of microbiological sterility. Since the PCR can detect a single molecule of DNA, the 'carryover' of a single amplicon from a previous PCR reaction can in fact produce a false-positive signal.
Following the PCR, a major source of contamination is the creation of aerosols which contain amplicons from the reaction. Once a sample has been prepared for the PCR and amplified, the reaction vessel should never be opened to the environment without prior application of a sterilization procedure. There are basically two periods during the PCR process when sterilization may be applied. Pre-PCR sterilization precedes the PCR and must inactivate any carryover amplicons which are present. The fact that amplification follows sterilization requires that the sterilization process be compatible with the template activity of the target DNA and the other components of the PCR. One procedure has been described which utilizes short wavelength ultraviolet irradiation of the reaction mix prior to amplification (11) . While this method renders long amplicons unamplifiable (12) , it requires both the target sequence and the Taq polymerase to be absent during the treatment. Since these components are not sterilized and are added to the PCR reaction following the irradiation step, they remain a potential source of contamination. The alternative is the use of a post-PCR approach, which modifies the amplicon such that it may no longer serve as an effective template for DNA polymerase. The modification process is performed following amplification, prior to opeing &e PCR container, and before the detection step. The limitation of this strategy is that most protocols for detection of the amplicon involve a DNA hybridization step. Since most modifications which block polymerase template activity also interfere with hybridization, post-PCR sterilization procedures using such modifications are impractical.
We have developed and refined an effective procedure for post-PCR sterilization which satisfies both the inactivation and the hybridization requirements of a practical sterilization process. The key feature of the technique is the use of photochemical reagents which 1) have minimal inhibitory effects on the PCR; 2) are activated by long-wave ultraviolet light; 3) prvide sufficient numbers of covalent adducts which are effective polymerase blocks; 4) modify the amplicon such that it remains single-stranded; and 5) have little effect on the base pairing of the modified amplicon to its complement. We have found that particular isopsoralen compounds have the properties which satisfy these requirements. The isopsoralens described in ithis report can be present during the PCR under appeopriate conditions, yet they remain highly photoreactive molecules following amplification. Upon irradiation, the isopsoraleis form covalent adducts which effectively block the progression df DNA polymerases, and provide amplicons with an average 'modification density' sufficient for sterilization by a factor of 100 million or more. These compounds address the limitations associated with the Poisson distribution of modified amplicons, which we have addressed in a separate publication (13) . Unlike the related but linearly annulated psoralens, which readily crosslink double-stranded nucleic acid, the isopsoralens fon only monoadducts with DNA, thereby leaving the modified anplicons single-stranded and available for hybridization.
MATERIALS AND METHODS

Materials
Unlabelled and tritium labelled 4'-aminomethyl-4,5'-ditnethylisopsoralen (4'-AMDMIP), 5-aminomethylisopsoralen (AMEP) and 6-aminomethyl4,5'-dimethylisopsoralen (6-AMDMIP) were prepared as described elsewhere (14) (15) (16) Figure 1 , no differencl in t PCR product yield was observed up to 400 Mg/ml 4'-AMDMP when the starting copy number was 105 or higher. However, when the starting copies were reduced to 104, the yield dropped at 400 ag/ml 4'-AMDMIP, while fiuther reduction of the starting copy number to 103 or 102 resulted in lower yields between 200 and 300 pg/ml of 4'-AMDMIP (data not shown).
Recent work with a different HIV-l amplicon (142-mer) has shown the inhibitory effect due to isopsoralen (i.e. low amplification efficiency) can be more pronounced when less than 100 starting copies are present (25) . Interestingly, the inhibitory effect of the isopsoralens can be overcome by the use of cosolvents during the PCR. The presence of eithr or glycerol (10-20%) in the PCR mix alleviates the observed inhibition, restoring amplification efficiency to the level which occurs in the absence of isopsoralen. The co-solvent effect is quite broad, and will reestablish amplification of a low copy sample (e.g. 10 26) are more sensitve than the internal labelling technique, they also detect the copies of the amplicon ('challenge copies') used to seed the reamplification experiment (whether sterilized or not). Second, the protocol irradiates a fully amplified PCR reaction mixture (instead of a dilution), and then prepares the dilution series from the irradiated solution. This procedure simulates real amplified samples which will contain up to 1012 amplicon copies during the irradiation.
A representative sterilization experiment using the synthetic 115-mer target is shown in Figure 2 ." 300000, 3000, 30, and .3, respectively. Thus while only a weak potential signal is expected for the 108 copy sample of the 4'-AMDMIP treated sample following a 30 cycle reamplification, it is reasonable to expect a detectable signal to appear in all but the 102 copy number case after sterilization with AMIP. The model 115-mer experiments with tritiated 4'-AMDMIP and AMIP were done at an isopsoralen concentration of 100 jtg/ml, while the sterilization experiment used these compounds at 400
i.g/ml. Use of the higher concentration will increase the modification density by 20-30% and decrease the number of unsterilized molecules in each of the dilutions. The magnitude of the decrease, however, would not be expected to significantly alter the observed levels of sterilization provided by the two compounds.
A potential concern for the isopsoralen sterilization technique is the ability of the isopsoralens to react with single-stranded amplicons. For some PCR applications, it is desirable to perform a 'biased' amplification, whereby an excess of one of the two amplicon strands is purposely made (27) . Moreover, there may be an unintended yet considerable population of single-stranded amplicons following normal PCR, depending on the particular amplicon sequence and details of how the samples are handled following amplification. To address this concern, a sterilization experiment was performed using each of the synthetic singlestrands of the double-stranded 115-mer sequence (HRI-46 and HRI-47). Samples of each single strand or a 1:1 mixture of the two were irradiated in the presence of 6-AMDMIP. Following irradiation, a dilution series was prepared from each sample (along with the corresponding unirradiated controls) followed by reamplification and PAGE analysis. As shown in Figure 3 , sterilization of the individual strands was essentially the same as sterilization of the two strands combined. A slight increase in sterilization was noted with the pyrimidine-rich strand HRI-47, which is consistent with the fact that it is primarily pyrimidines which photoreact with the isopsoralens. The equivalence of sterilization with single and double strands may result from 1) extensive intramolecular secondary structure of the single-strands, creating double-stranded reaction sites for the isopsoralens, 2) the existence of one or more reactive 'hot spots' within each of the single-strands, and/or 3) reaction of single-strands directly, following stacking of the isopsoralen between single-stranded bases. Whatever the actual mechanism, the ultimate result is effective sterilization of single-stranded amplicons with the isopsoralen technique.
The final set of sterilization experiments was performed with clinical samples. Peripheral blood mononuclear cells from antibody positive HIV-1 patients were collected and processed according to the Methods section. The sterilization experiments were identical in design to those with the synthetic 1 15-mer. A representative result is shown in Figure 4 . In this experiment, patient samples were amplified then sterilized with either 4'-AMDMIP or 6-AMDMIP. A dilution series was then prepared (nominally 109, 108 or 106 copies), reamplified and evaluated.
Inspection of Figure 4 demonstrates successful sterilization at all three levels with both isopsoralen derivatives. The difference in sterilization results with 6-AMDMIP in this experiment relative to the experiment shown in Figure 3 is probably due to the clinical sample actually containing less than the indicated copy numbers at the dilution points. While the synthetic 115-mer provided a 'hard' copy number, since it was measured spectrophotometrically, the clinical sample copy number was based upon the assumption that the PCR mix was in fact 10-8 M following amplification. Figure 5 shows the band intensities of the unsterilized and sterilized samples are similar (compare lanes 1/3, 2 /4, 6 /8). The same set of samples were used for the COP experiment and the results were essentially the same. With COP, the bands corresponding to 115-mer amplicon were covalently crosslinked to SK-19-MA prior to analysis by denaturing PAGE. The trends of the 20 and 30 cycle amplifications were the same as the OH assay. Again, the hybridization signal generated with the unsterilized amplicons from either the 115-mer or clinical sample appeared similar to the sterilized samples. Quantification of these results was accomplished by excising the crosslinked probe-target (hybrid) bands and scintillation counting, which showed the sterilized signal to be between 20 and 50% of the unsterilized control. These experiments show that 4'-AMDMIP sterilized target molecules remain detectable by both OH and COP procedures, and therefore the presence of covalently bound 4'-AMDMIP on the target 115-mer does not significantly inhibit probe hybridization or reduce the crosslinkability of the sterilized target molecules.
SUMMARY
We have developed an effective post-PCR sterilization process based on isopsoralen photochemistry, and have opimized the procedure for sterilization of a important retrovirl amplicon. The method provides a high level of sterilization while maintaining amplification efficiency with low copy number samples, and is suitable for use with commonly used detection formats which utilize hybridization. In short, the photochemical sterilization protocol we have described is an effective and pragmatic method for eliminating the amplicon carryover problem which has been associated with the PCR. While the work described here is limited to HIV-1, proper use of the technique will go far towards relieving the concern associated with the carryover problem with a wide variety of amplicons, especially in the clinical setting.
The example which has been used for this study, the 1 15-mer HIV-l amplicon, is a particularly stringent test ofthe sterilization protocol because of its short length. We have predicted and observed that sterilization becomes easier to achieve as the amplicon becomes longer (13) . Due to the statistical nature of isopsoralen-based sterilization, the success of the method depends on obtaining the appropriate modification density of the amplicon being sterilized, and the primary factors controlling modification are the reactivity of the isopsoralen derivative and the length and particular sequence of the amplicon. Since each amplicon has its own base sequence and length, optimal steilization conditions for each amplicon must currently be evaluated on a test by test basis.
For the majority of diagnostically important sequences, amplicon length, and to some degree, sequence, can be selected by the judicious choice of primers. This versatility will allow isopsoralen sterilization to be successfully applied to a wide variety of important diagnostic targets. Moreover, while the sterilization compounds of choice are currently 4'-AMDMIP and 6-AMDMIP, we are developing new reagents which bind more effectively to DNA at lower concentrations. Such reagents will reduce the concern of system-dependent PCR inhibition, miimz the need to optimize sterilization on a test by test basis, and will allow the ultimate goal of a generic sterilization procedure to be attained. At the present time, it is prudent to include 10% glycerol in the PCR reaction to insure the successful amplhfication of low copy number samples. This is especially importnt when applying the procedure to a wide range of samples where copy number is unknown.
A final point concerns the sterilization efficiency provided by the isopsoralen procedure. While absolute sterilization (i.e. modification of essentially every amplicon) can be realized with long, pyrimidine-rich sequences, the current procedure with the 1 15-mer amplicon provides adequate sterilization for the routine level of carryover which occurs. Since most false positives observed in both research and diagnostic testing faclities seem to arise from carryover of between 10 and 10,000 copies, a procedure which provides sterilization of 108 copies is effective. Furthermore, since carryover of 108 copies will provide a hybridization signal independent of sterfilization, it is not necessary to provide a sterilization level that exceeds the direct detection level of the carryover molecules themselves. Thus, at the level of contamination observed in most laboatory situations, the probability of a false positive test following the application of the post-PCR sterilization protocol we have developed is very low.
